INTRODUCTION
============

Dynamic physicochemical and mechanostructural changes that mediate the behavior of adsorbed proteins and cells in space and time are among the pivotal characteristics of the cellular microenvironment in embryonic development, disease pathogenesis, tissue repair, and regeneration ([@R1], [@R2]). In short, (molecular) motion matters in development and cellular processes. Important studies have demonstrated that proteins and cells are sensitive to (molecular)dynamic systems such as switchable surfaces ([@R3]--[@R5]) or dynamic microenvironments, especially macroscopic mechanical tension/material shape morphing ([@R6], [@R7]), spatiotemporal dynamic microtopographic changes ([@R8]), and nanoscale oscillating movements ([@R9]). Harnessing the dynamic, nonequilibrium features within biological systems that are controlled at the nanoscale with molecular precision with the use of noninvasive external signals, is an attractive, yet highly challenging strategy for mediating biological processes such as stem cell fate. Achieving cell communication via the use of biologically inspired molecular motion is not only a major goal for understanding the communication mechanisms of cells with their environment (extracellular matrix and biointerface) ([@R10], [@R11]); it is also vital for the design of novel dynamic biomimetic materials and offers strong potential to advance future clinically relevant biomedical developments ([@R4], [@R12]).

Inspired by the dynamic properties of biomolecular machines ([@R13], [@R14]), synthetic molecular machines, such as switches, shuttles, and motors, have been developed to induce mechanical motion ([@R15], [@R16]). By converting various forms of chemical, thermal, or photonic energy into molecular movement in a controlled manner, we aim to synthetically introduce dynamic function into biomedical applications ([@R5], [@R17]--[@R21]). We have shown that the use of light-driven systems is particularly attractive, since such systems allow noninvasive external control with high spatiotemporal precision, as is evident from the rapidly emerging field of photopharmacology ([@R22]). Among various approaches to affect cell-surface interaction ([@R1], [@R5]), azobenzene-based switches have been applied to modulate protein structure and function ([@R23]), and to govern cell or bacterial adhesion ([@R24], [@R25]) or direct cell-cell contacts to induce targeted apoptosis in cancer cells ([@R26]) upon irradiation with light. However, most of these cell surfaces communicate with the cell's surroundings, and those that do display dynamic behavior, as shown with the spatiotemporal controllable biointerface using an azopolymer ([@R8]), translate to microstructures and therefore communicate on a microscopic level rather than on a molecular level. In contrast to molecular switches, molecular motors can provide continuous motion and therefore are capable of driving a system out of equilibrium ([@R27]), which is ultimately a key requirement for communication within biological systems such as proteins and cells ([@R13]). In a different approach, Tour and co-workers ([@R19]) reported recently that ultraviolet (UV) light--activated molecular motors can perturb and drill into cell membranes in vitro using molecular-scale actuation to induce necrosis and introduce chemical species into cells. Here, we show that the fate of human bone marrow--derived mesenchymal stem cells (hBM-MSCs) can be regulated by the rotary motion of light-driven molecular motors immobilized on the surface that indirectly communicates with cells via adsorbed proteins, as depicted in [Fig. 1](#F1){ref-type="fig"}.

![Molecular motion--induced restructuring of the adsorbed protein cell adhesion layer affects stem cell differentiation.\
(**A**) Schematic illustration of the molecular motion directing the fate of hBM-MSCs. The molecular motion originating from unidirectional rotating molecular motors mediates the initial protein adsorption behavior that affects the fibronectin (Fn) adsorption, which subsequently regulates the FA cytoskeleton actin transduction pathway to govern the gene and protein expressions of hBM-MSCs. (**B**) Structural details of motor-modified (dynamic layer), amine-modified, and stator-modified (static control layer) surfaces.](aay2756-F1){#F1}

RESULTS AND DISCUSSION
======================

Our experimental design of surface-bound molecular motors mediating the adsorbed proteins and subsequently directing the fate of stem cells is shown in [Fig. 1A](#F1){ref-type="fig"}. The light-driven unidirectional rotary motion of the motors is confined to the surface on which protein adsorption and cell culture take place. For the dynamic surfaces, tetra-acid--functionalized light-driven rotary molecular motors were grafted to amine-modified glass surfaces via electrostatic interactions ([Fig. 1B](#F1){ref-type="fig"}). The tetrapodal attachment enables stable orientation of monolayers of motors on surfaces and prevents uncontrolled Brownian motion ([@R28]). It has been demonstrated that the motors used in the present study can transform UV light into repetitive unidirectional rotation and have no notable reduction in the rotational speed when immobilized to a glass substrate ([@R28]). Next, under irradiation with UV light (λ~max~ = 365 nm), fetal bovine serum (FBS), which is conventionally present in cell culture medium as one of the main components, was added onto the motor surfaces to explore how dynamic molecular motion affects protein adsorption. After 1 hour of protein adsorption under continuous irradiation, hBM-MSCs were seeded on the treated motor surfaces for studying cell adhesion, proliferation, differentiation, and maintained stemness ([Fig. 1A](#F1){ref-type="fig"}). Here, hBM-MSCs were selected because they are widely used in tissue engineering and regenerative medicine due to their multilineage differentiation potential into osteocytes, adipocytes, chondrocytes, etc. ([@R29]). Because the initial stage of materials into the body is the adsorption of proteins followed by cell attachment, the behavior of protein adhesion plays a key role in determining cell-interface interaction ([@R30], [@R31]). Note that in our experimental design, the surface-adhered protein manipulation is carried out separately from the cell culture. Thus, the cells in this study do not face a risk of genetic damage from UV irradiation because they are not in direct contact with UV light. Our design is based on the hypothesis that the type, amount, conformation, and morphology of adsorbed proteins are affected by the rotary motion of molecular motors and, through this process, directs cellular behavior and influence differentiation capabilities.

Rotary molecular motors regulate the adhesion of stem cells by altering protein adsorption
------------------------------------------------------------------------------------------

Cell adhesion is regarded as the initial physical connection of the cell with its surrounding microenvironment, which precedes all other cellular events including spreading, migration, proliferation, and differentiation ([@R32], [@R33]). To study the early cell response on the molecular motor surfaces treated with FBS, we seeded hBM-MSCs on substrates for 12 hours in basal medium without FBS. Both amine-coated glass slides and stator-modified surfaces were used as controls. The amine surface with and without UV irradiation indicates the potential contribution effects on the protein layer due to the UV irradiation without motion, while the stator has UV absorptions similar to the rotary motor but is not able to engage in rotary motion upon irradiation. The stator therefore serves as a control where UV irradiation might contribute to unexpected photochemical reactions due to the presence of conjugated molecular structures rather than direct UV irradiation effects, again without the presence of induced molecular motion ([Fig. 1B](#F1){ref-type="fig"}). In the following, we refer to these substrates as follows: (i) static surface (the molecular motor surface without UV irradiation), (ii) rotary surface (the molecular motor surface with UV irradiation), (iii) amine-UV(−) surface (the amine surface without UV irradiation), and (iv) amine-UV(+) surface (the amine surface with UV irradiation). The hBM-MSC attachment and morphology were determined with a triple-label fluorescence staining of cell vinculin \[focal adhesions (FAs)\], actin cytoskeleton, and nucleus ([Fig. 2A](#F2){ref-type="fig"} and Materials and Methods).

![Cell adhesion on the molecular motor and amine surfaces.\
(**A**) Fluorescent images of hBM-MSCs cultured on the molecular motor and amine surfaces for 12 hours. Red is F-actin, visualized by tetramethyl rhodamine isothiocyanate (TRITC)--phalloidin staining, and blue is nucleus, stained by 4′,6-diamidino-2-phenylindole (DAPI); green staining is vinculin. (**B** to **E**) Cell density, area per cell, F-actin per cell, and cell elongation on the molecular motor and amine surfaces (*n* = 3). Data reported as means ± SD. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. A.U., arbitrary units.](aay2756-F2){#F2}

[Figure 2A](#F2){ref-type="fig"} shows that hBM-MSCs on the static and rotary surfaces displayed similar spindle morphology but different in number of attached cells and cell spreading. Compared to the static surface, the rotary surface inhibited cell adhesion, spreading, and actin cytoskeleton formation but promoted cell elongation. Quantification confirms that these findings show 1.3 times more adherent cells, 2.2 times larger cell spreading, and 1.9 times more F-actin expression on the static surfaces than that on the rotary surfaces ([Fig. 2, B to D](#F2){ref-type="fig"}). However, [Fig. 2E](#F2){ref-type="fig"} shows 1.6 times more cell elongation on the rotary surfaces than that on the static surfaces ([Fig. 2E](#F2){ref-type="fig"}). These variations are highly illustrative for altered long-term cellular behavior and development.

To verify whether hBM-MSC adhesion was affected solely from the rotary motor--mediated stimulation, we performed a series of control experiments using the amine-coated and stator-modified glass slides with and without exposure to light to exclude the influences of UV irradiation and potential energy transfer--mediated processes between UV light--absorbing molecular species and proteins. On the amine-UV(−) and amine-UV(+) surfaces, similar amounts of adherent cells were observed ([Fig. 2A](#F2){ref-type="fig"}); in addition, cell spreading, amount of actin cytoskeleton, and cell elongation did not present any differences as shown in [Fig. 2B](#F2){ref-type="fig"}. There is also no difference in initial cell behavior on the stator surfaces with and without UV irradiation (fig. S1). Together, hBM-MSC adhesion can be modulated specifically by the rotary motion of molecular motors and protein interaction without direct influence of UV irradiation on the proteins or specific molecular composition.

As a further control, we examined hBM-MSCs cultured directly on the motor- and amine-coated surfaces without FBS treatment and UV irradiation. Less adherent and more rounded cells were found on all protein-free surfaces as compared to the surfaces with protein modification ([Fig. 2](#F2){ref-type="fig"}). Compared to the amine-coated surfaces, more adherent cells were observed on the motor-coated surfaces, indicating that the motor surface better accommodates cell adhesion.

Cell adhesion precedes all major events and will therefore most likely alter the cell morphology, resulting from adhesion to the motor surface. The communication between cell and biointerface is mediated by FA and filopodia formation that stimulates cytoskeletal tension and induces deformation in cell morphology and associated signaling cascades that thereby alter gene expression to regulate cell functions and promote tissue regeneration ([@R34], [@R35]). The focal adhesion and filopodia, as observed from single-cell images shown in [Fig. 3A](#F3){ref-type="fig"}, are regarded as cellular sensors that interact with the microenvironment, which play a key role in cell adhesion, migration, organization, and differentiation ([@R34]). The formation of FAs was measured using immunofluorescent staining and confocal laser scanning microscopy (CLSM). It was difficult to find FAs in hBM-MSCs cultured on the rotary surface, whereas cells on the static surface displayed vinculin-rich FAs ([Fig. 3A](#F3){ref-type="fig"}). Quantification of the FA area per cell reveals that the FA area per cell on the rotary surface was 2.6 times lower than that on the static surface ([Fig. 3B](#F3){ref-type="fig"}). In the control experiments using cells cultured on the amine-coated surfaces and the protein-free surfaces, few FAs were observed as well ([Fig. 3A](#F3){ref-type="fig"}). In addition, hBM-MSCs on the rotary surface developed numerous filopodia around the cell border, whereas cells on the static surface hardly have any filopodia extensions ([Fig. 3A](#F3){ref-type="fig"}). Quantification of filopodia illustrates that the number of filopodia per cell on the rotary surface was 4.5 times higher than on the static surface. As a control, cells cultured on the amine-UV(−) and amine-UV(+) surfaces, as well as the protein-free surfaces, showed many filopodia, particularly on the protein-free motor surfaces.

![Subcellular characteristics on the molecular motor and amine surfaces.\
(**A**) Fluorescent images of a single hBM-MSC cultured on molecular motor and amine surfaces under different conditions for 12 hours. Red staining is F-actin, visualized by TRITC-phalloidin staining, and blue staining is nucleus, stained by DAPI; green staining is vinculin. Scale bars, 40 μm. (**B** and **C**) FA area per cell and filopodia number per cell on molecular motor and amine surfaces under different conditions (*n* = 3), respectively. Data reported as means ± SD (\*\*\**P* \< 0.001).](aay2756-F3){#F3}

Furthermore, hBM-MSCs on the rotary surface showed dense and isotropic F-actin, while cells on the static surface displayed well-defined actin stress fibers with extended and aligned morphology. As a control, the cells cultured onto the amine- and/or stator-coated surfaces with and without UV, as well as the protein-free surfaces, displayed a disordered cytoskeleton organization ([Fig. 3A](#F3){ref-type="fig"}). The results show that the unidirectional rotary motion of molecular motors is governing protein interactions at the interface and regulating the formation of FA, filopodia, and F-actin. Comparison of subcellular and cellular characteristics showed a positive correlation of FAs with the cell number and spreading and opposite behavior between filopodia and FAs ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). These correlations are to be expected as FAs are involved in proper cell attachment and spreading, while a cell in sensing mode (high number of filopodia) will be less surface bound (FA area per cell). Collectively, these results indicate the exciting possibility that molecular motion by means of signal transduction through the dynamic spatial organization of the interface proteins can interact and possibly direct the hBM-MSC fate.

Rotary molecular motors direct stem cell fate through motion-induced protein alterations
----------------------------------------------------------------------------------------

Proper dynamic control of stem cell fate is only possible if the biocompatibility is not inhibiting cellular behavior. hBM-MSCs were cultured on the molecular motor surfaces, and their survival was assessed by live/dead staining. After 12 hours of culture in basal medium without FBS, living-cell percentage on the motor surfaces treated with and without initial FBS remained at more than 97%, indicating that there is no eminent cytotoxicity ([Fig. 4A](#F4){ref-type="fig"}). After 12 hours of culture in basal medium without FBS, the hBM-MSCs were further cultured in basal medium with FBS for an additional 3.5 days (total of 4 days), showing that the living-cell percentage throughout this experiment was exceeding 96%. The results indicate that there were no cytotoxic effects on the motor surfaces even after prolonged culture ([Fig. 4A](#F4){ref-type="fig"}). In addition, to evaluate the viability of hBM-MSCs on the molecular motor surfaces, XTT viability assays were performed after 12 hours and 4 days of culture. The results show that the metabolic activity of hBM-MSCs on the rotary surface was 230 and 20% higher after 12 hours and 4 days of cell culture, respectively, compared to the cells on the static surface ([Fig. 4B](#F4){ref-type="fig"}). Metabolic activity was corrected for a number of cells to exclude variations because of proliferation and isolate the individual cell state. In addition, the cell density over time increases, indicating that they retain their proliferative character (fig. S2).

![Biocompatibility on the molecular motor surfaces.\
(**A**) The percentage of living cells and (**B**) metabolic activity per cell on molecular motor surfaces under different conditions for 12 hours and 4 days (*n* = 3). (**C**) Fluorescent images of hBM-MSCs cultured on molecular motor surfaces under different conditions. Scale bars, 75 μm. (**D** to **G**) Area per cell, F-actin per cell, cell elongation, and FA area per cell on molecular motor surfaces under different conditions after 4 days (*n* = 3). Data reported as means ± SD (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001).](aay2756-F4){#F4}

After 4 days of cell culture, the difference in adhesion and spreading of cells on various samples was notable ([Fig. 4C](#F4){ref-type="fig"}). Cells had a higher spreading area on all samples, developed more parallel actin stress fibers, and formed more FAs compared to the 12-hour cell culture ([Figs. 2A and](#F2){ref-type="fig"} [4](#F4){ref-type="fig"}C). These results are in agreement with studies showing that cell adhesion and spreading are time dependent ([@R36]). Specifically, hBM-MSCs on the rotary surface with initial FBS adsorption displayed thin and elongated morphology; cells on the static surface with initial FBS adsorption showed more spreading; cells on the static surface without initial FBS adsorption took a rounded morphology ([Fig. 4C](#F4){ref-type="fig"}). Quantification of cell responses of the 4-day culture shows that the area per cell on the rotary surface with initial FBS treatment and on the static surface without initial FBS treatment is significantly less than that on the static surface with initial FBS treatment ([Fig. 4D](#F4){ref-type="fig"}). Furthermore, F-actin expression per cell on the rotary surface with initial FBS adsorption is significantly less than on the static surface with initial FBS adsorption ([Fig. 4F](#F4){ref-type="fig"}). As shown in [Fig. 4G](#F4){ref-type="fig"}, hBM-MSCs on the rotary surface with initial FBS adsorption and on the static surface without initial FBS adsorption display a lower FA area per cell than those on the static molecular substrate with initial FBS adsorption after 4 days of culture. The trend of FA area per cell is similar to the relative expression of F-actin and the cell spreading. These results imply that the macroscopic morphology and subcellular structure of hBM-MSCs on the rotary surface still showed significant differences even after prolonged culturing of the cells.

Evaluation of cell proliferation over the culture time is also a key step of biocompatibility testing to ascertain whether a material is suitable for biomedical applications. As indicated in fig. S2A, all molecular motor surfaces show well-supported cell proliferation for up to 14 days. Particularly, cell density on the rotary surface for 4- and 7-day cultures was less than that on the static surface. However, there is no difference between samples after 14 days of cell culture, mainly because the cell layers reach confluency. In addition, we evaluated a key protein marker (Ki67) for cell proliferation. There is no difference between the cultures on rotary and static surfaces for 7 days from the fluorescent images and quantitative data (fig. S2, B and C). The results indicate that the difference in cell density on two samples could be mainly attributed to the difference in initial attached cell number and not their proliferation rate. The results indicate that the molecular surfaces are cytocompatible by supporting the hBM-MSCs to populate, which is beneficial for future ECM deposition, as well as tissue repair and regeneration.

Having established changes in hBM-MSC behavior, the regulation of the differentiation potential of hBM-MSCs was further examined. Both immunofluorescent staining and real-time polymerase chain reaction (RT-PCR) methods were used to analyze the specific protein and gene expression level associated with the osteogenic differentiation and stemness maintenance of hBM-MSCs. After 14 days of culture in growth medium (GM) or osteogenic differentiation medium (OM), hBM-MSC morphology and the typical osteogenic marker osteopontin (OPN) were detected using immunofluorescent staining. As indicated in fig. S3, there was more cell density but less cell spreading in GM compared to the culture in OM. hBM-MSCs in GM displayed fibroblast-like morphology, whereas cells in OM have a more hexagonal (osteoblast-like) shape. The expression level of OPN in GM shows that there was no noticeable effect between the cultures on the rotary and static surfaces ([Fig. 5A](#F5){ref-type="fig"}). However, in OM, cells on the rotary surface displayed more fluorescence intensity than on the static surface ([Fig. 5A](#F5){ref-type="fig"}). Quantification of OPN fluorescent staining after14 days of culture indicated that under OM condition, more OPN expression was found on the rotary surface compared to that on the static surface ([Fig. 5B](#F5){ref-type="fig"}). In addition, for the OPN gene level, there was significant difference between GM and OM ([Fig. 5C](#F5){ref-type="fig"}). However, no significant difference in OPN gene expression was found when comparing differentiation on the rotary surface and the static surface ([Fig. 5C](#F5){ref-type="fig"}). From the OPN protein--level data, it appears that hBM-MSCs on the rotary surface are prone to differentiate into osteoblasts.

![The osteogenic differentiation and stemness maintenance of hBM-MSCs on the molecular motor surfaces.\
(**A**) Fluorescent images of hBM-MSCs cultured on molecular motor surfaces with different cell media for 14 days. Scale bars, 50 μm. Red, OPN; blue, nucleus. (**B**) Protein level: Quantification of the expression of OPN normalized by the cell number over 14 days of culture (*n* = 3). (**C**) Gene level: Real-time PCR (RT-PCR) analysis of relative mRNA expression levels of OPN genes in different media over 14 days of culture (*n* = 3). (**C** and D) RT-PCR analysis of relative mRNA expression level of Nanog and OCT4 genes at different time points (*n* = 3; \**P* \< 0.05).](aay2756-F5){#F5}

For stemness maintenance of hBM-MSCs, the expression of pluripotency gene markers (Nanog and Oct4) was measured using RT-PCR at 7 and 14 days of cell culture. The relative expression level of Nanog on the static surface was higher compared to that on the rotary surface at 7 and 14 days of cell culture ([Fig. 5D](#F5){ref-type="fig"}). For the Oct4 gene level, higher expression on the static surface was found compared to that on the rotary surface at 7 days of cell culture. However, the relative expression level of Oct4 was the same for 14-day cell culture on both the static and rotary surfaces ([Fig. 5E](#F5){ref-type="fig"}). These results indicate that hBM-MSCs on the static surface tend to better maintain their multipotency.

Rotary molecular motors mediate protein adsorption
--------------------------------------------------

To ascertain the underlying reason how the rotary surface regulates the hBM-MSC response, we performed a series of experiments to study the effect of the molecular rotary motion on the initial adsorbed protein. It is well-known that FBS includes many kinds of embryonic growth-promoting proteins for satisfying specific metabolic requirements and growth of cells ([@R37]). To verify whether different cell responses on molecular motor surfaces are caused by specific protein adsorption from FBS, we examined desorbed proteins from molecular motor and amine-modified surfaces treated with and without UV irradiation. SDS--polyacrylamide gel electrophoresis (PAGE) has been widely used to separate proteins based on their electrophoretic mobility. In general, many protein bands from FBS can be detected as described previously ([@R38]). Figure S4A shows one protein band (66 to 67 kDa) detected in extracts obtained from all samples on SDS-PAGE, and the protein profile can be attributed to albumin, which could be due to its high concentration in serum. This result indicates that there is no difference in specific protein adsorption between the rotary and static surfaces. In addition, the amount of adsorbed protein was quantified using a bicinchoninic acid (BCA) assay (fig. S4B). More protein adsorption was found on the rotary surface compared to the static surface. There is no significant difference on the amine surfaces with and without UV irradiation. This result suggests that the amount of serum protein adsorption on the dynamic surface increases by 114% compared to the amount of protein adsorbed on the static surface.

The adsorption of proteins at interfaces is a dynamic process during which proteins may adsorb, reorganize, and detach ([@R39]). We used a quartz crystal microbalance with dissipation (QCM-D) to real-time monitor both the adsorbed protein mass and energy-dissipating properties on the silicon chips modified with molecular motor and amine functionality ([Fig. 6, A and B](#F6){ref-type="fig"}). The adsorption tracking of FBS and subsequently fibronectin (Fn) was followed, noting that Fn produced by cells plays a major role in the attachment of anchorage-dependent cells ([@R40]). FBS injection resulted in a decreasing frequency (Δ*F*) and an increasing dissipation (Δ*D*) on all samples, suggesting protein adsorption. As shown in [Fig. 6A](#F6){ref-type="fig"}, the Δ*F* decreased and stabilized around −133 Hz, and Δ*D* increased until stabilizing at around 1.1 × 10^−4^ on the motor surfaces with and without applying UV irradiation, confirming the formation of equilibrium adsorption. Then, the motor surfaces were rinsed with phosphate-buffered saline (PBS) to remove the loosely bound proteins. Both the Δ*F* and Δ*D* on the static surface reached the stable signal faster than on the rotary surface. The shorter time to reach equilibrium indicates that desorption of the protein on the static surface is faster than those on the dynamic surface ([@R41]). In addition, there was a slight difference in Δ*D* between the static and rotary surfaces. The change in Δ*F* of 57 Hz on the rotary surface is higher than the change in Δ*F* of 45 Hz on the static surface ([Fig. 6A](#F6){ref-type="fig"}), which indicates enhanced protein adsorption on the rotary surface ([Fig. 6B](#F6){ref-type="fig"}), which is in agreement with the BCA assay (fig. S4C). Subsequently, Fn was applied at 37°C under flow across the motor surfaces with the adsorbed bovine serum albumin (BSA) layer still present but without rotation until equilibrium adsorption was reached. The change in Δ*F* of 26 Hz on the static surface is higher than that in Δ*F* of \~0 Hz on the rotary surface ([Fig. 6A](#F6){ref-type="fig"}), which indicates higher Fn adsorption on the static surface compared to the rotary surface ([Fig. 6A](#F6){ref-type="fig"}). Notably, hardly any Fn was adsorbed on the rotary surface ([Fig. 6A](#F6){ref-type="fig"}). As a control, the QCM-D experiment was performed on the amine-modified surfaces using the same procedure (fig. S4B). We found that the *F* curves almost overlapped all along the serum protein and Fn adsorption on the amine surfaces with and without applying UV irradiation. It indicates that UV irradiation had no effect on the surface amount of serum protein and Fn adsorption.

![The adsorbed protein behaviors on molecular motor and amine surfaces.\
(**A**) Protein adsorption on the molecular motor surface under different conditions measured by QCM-D. (**B**) Serum protein mass on the samples quantified by QCM-D (*n* = 3 to 4). (**C**) Fn mass quantified from QCM-D curves (*n* = 3 to 4). (**D**) Circular dichroism (CD) spectra of protein from BSA adsorbed on the molecular motor surface under different conditions as indicated. Data reported as means ± SD (\**P* \< 0.05, \*\**P* \< 0.01).](aay2756-F6){#F6}

The protein mass adsorbed on each surface can be calculated by the Voigt model using QTools software (Q-Sense) ([@R42]). As indicated in [Fig. 6B](#F6){ref-type="fig"}, a greater adsorbed mass was found on the rotary surface (1720 ± 546 ng/cm^2^) than on the static surface (979 ± 312 ng/cm^2^). However, there is no difference in the amount of adsorbed protein between amine-UV(−) and amine-UV(+) surfaces. The result is consistent with the BCA assay (fig. S4C), which further demonstrates that the molecular motion of motors is able to increase the amount of adsorbed serum protein. In addition, the preadsorbed status of BSA significantly affected the adsorption of other proteins ([@R43]--[@R45]). In our study, the trend of Fn adsorption is opposite ([Fig. 6C](#F6){ref-type="fig"}). More Fn adsorption was found on the static surface (963 ± 296 ng/cm^2^) than on the rotary surface (2.7 ± 4.7 ng/cm^2^). However, for the amine-coated surfaces, there is no difference between UV and no UV treatments. These results explain why initial cell adhesion was better on the static surface.

Circular dichroism (CD) spectroscopy is well known to be a powerful tool for the rapid analysis of the secondary structure and folding properties of proteins ([@R12]). [Figure 6D](#F6){ref-type="fig"} and fig. S4D show the two characteristic negative bands at 208 and 225 nm, which can be attributed to *n*/π^\*^ transition associated with the α-helix structure of BSA. The CD curves of BSA on all surfaces were similar in shape, suggesting that α-helix was still the major component of BSA secondary structure. However, the CD intensity (208 nm) of BSA on the rotary surface was less than that on the static surface, which reflects the loss of the α-helix structure by unfolding ([Fig. 6D](#F6){ref-type="fig"}). As a control, the CD curves of BSA on the amine-UV(−) and amine-UV(+) surfaces showed no difference (fig. S4D), indicating that UV irradiation did not affect the BSA secondary structure. Using quantum mechanics/molecular mechanics (MM) methods and MM dynamics simulations, Xia and co-workers ([@R46]) found that photoswitchable azobenzene was able to control the unfolding of the secondary structure (α-helix) of a peptide by photoisomerization affecting the peptide affinity. Presumably, the molecular motion of motors is also able to stretch and unfold, to some extent, the BSA α-helical chains. During the interaction between molecular motors and proteins, the reversible changes in BSA conformations could also exist according to the literatures ([@R47], [@R48]). It is interesting to elucidate this phenomenon in the future on a more fundamental level. The unfolding of BSA α-helix structure significantly reduced the following Fn adsorption ([Fig. 6C](#F6){ref-type="fig"}), consistent with the literature ([@R49]).

To provide a molecular rationale for the observed conformational changes of the proteins adsorbed on the active surface, we performed molecular dynamics (MD) simulations. The simulated system consists of a functionalized SiO~2~ surface covered with self-assembled tetrapodal motor molecules. The effect of the surface on the conformational stability of a prototypical protein, hen egg-white lysozyme, was monitored during a 25-ns simulation. Surfaces with either inactive or active (i.e., rotating) motors were investigated. The results (fig. S5) indicate that the secondary structure of the protein, as quantified by the root mean square deviation, is significantly affected by the active surface, although minor secondary structure changes occur due to adsorption on the inactive surface as well. A direct interaction between the nanorotors and the protein is presumably responsible for this effect (fig. S5), the effect being increased upon activation of the motors. Visual inspection (fig. S5) reveals loss of secondary structural motifs, including α-helices in accordance to the CD data.

Last, atomic force microscopy (AFM) was used to visualize the morphology and distribution of adsorbed serum proteins on the molecular motor surfaces (fig. S6). Proteins on the rotary surface show an ellipsoidal morphology and organized arrangement, whereas proteins on the static surface display a rounded morphology and disordered arrangement. These protein alterations are also consistent with other studies where physicochemical surface parameters such as chemical composition and wettability are also known to affect the differentiation of hBM-MSCs ([@R49], [@R50]). It was demonstrated that wettability affects the osteogenesis of hBM-MSCs, and, in particular, the hydrophobic surface displayed better osteogenesis compared to the hydrophilic surface ([@R51]). Performing AFM characterization of BSA adsorbed on those types of monolayers shows that also in those cases, the morphology is highly altered, and the hydrophobic surface displays a very rough BSA protein layer similar to what is found for the surface altered with molecular motion (fig. S7). Together, these experimental results indicate that the molecular motion of motors regulates the initial serum adsorption behavior (i.e., amount, conformation, and morphology) and, as a consequence, influences the Fn adsorption transduced into stem cell behavior.

CONCLUSIONS
===========

Dynamic motion of molecular motors grafted on surfaces is used to direct the fate of hBM-MSCs by mediating the passivating protein adhesion layer. These stem cells on the dynamically altered surface were more prone to differentiate into osteoblasts, whereas on the static surface, they tend to better maintain their stemness. The unique character of the system was traced back to the underlying mechanism that is associated with the cell-instructive protein layer that is delegating many of the material-driven cell-controlling phenomena (i.e., amount, conformation, and morphology), which is here regulated solely by the molecular motion. Unidirectional rotating molecular motors increased serum albumin adsorption and interacted on a molecular scale that results in a decreased α-helix secondary structure, which subsequently affected the adsorbed amount of Fn. The distinct protein adsorption behavior influenced the FA cytoskeleton actin transduction pathway, as well as the macroscopic cell adhesion and morphology, evident from studying FA, filopodia, and actin stress fibers and, as a result, mediates the fate of hBM-MSCs. It was shown that the surface after the interaction of rotary motors and proteins ultimately leads to osteogenic differentiation, while without the molecular motion, a better maintenance of multipotency was found with respect to the dynamic conditions. Besides providing a unique way to introduce dynamic influences on cell cultures, the molecular motor--based surface offers numerous opportunities for mechanical stimulation and control of cell fate and responsive biomimetic materials and paves the road for the synthetic molecular motor toward biomedical and clinical applications.

MATERIALS AND METHODS
=====================

Preparation of molecular motor
------------------------------

Detailed synthetic procedures and characterization of the final compound were reported in our previous study ([@R28]). A key step to form the central olefinic bond by coupling diazo and thioketone precursors was the Barton-Kellogg reaction, providing the tetramethyl ester compound, which was then hydrolyzed to afford the tetra-acid--functionalized motor. Kinetic studies of the assembled monolayer of motors were performed by UV-visible spectroscopy and show similar behavior as that obtained in solution, which is indicative of the light-driven rotary motion of motors on surfaces ([@R28]).

Cell culture
------------

hBM-MSCs (pool; passage numbers: 3 to 5; Lonza) were used for the cell experiments. The GM consisted of α-modified Eagle medium (Gibco), 10% (v/v) FBS (Gibco), and 0.1% (v/v) ascorbic acid 2-phosphate (Sigma). Cells were incubated at 37°C and 5% CO~2~. The cells were harvested at approximately 80 to 90% confluence from T75 culture flasks by trypsin for 3 to 5 min at 37°C for further subcultures. All substrates were treated with 70% ethanol for sterilization, placed in well plates, and washed by PBS. Afterward, mesenchymal stem cells derived from hBM-MSCs were seeded onto the samples in well plates at a density of 5000 cells/cm^2^. All substrates were stored in an incubator at 37°C and 5% CO~2~.

Cell staining
-------------

The hBM-MSCs on the samples were fixated with 3.7% paraformaldehyde (Sigma) in PBS for 20 min, followed by rinsing three times with PBS. Afterward, the cell membrane was permeabilized with 0.5% Triton X-100 (Sigma) solution for 3 min. BSA (5%) in PBS solution was added for 30 min to block nonspecific binding. After removing the BSA solution, the hBM-MSCs were treated with anti-vinculin (1:100; clone hVin-1, Sigma) for FAs or anti-Ki67 (1:1000; ab15580, Abcam) for cell proliferation capacity, washed three times with PBS, and stained with a secondary goat anti-mouse antibody (1:100; Jackson ImmunoLabs) or goat anti-rabbit antibody (1:100; Jackson ImmunoLabs). In addition, 4′,6-diamidino-2-phenylindole (DAPI) and tetramethyl rhodamine isothiocyanate (TRITC)/fluorescein isothiocyanate (FITC)--phalloidin were used to stain the cell nuclei and F-actin, respectively. Cells were observed using a Leica TCS SP2 CLSM equipped with 40× and 63× water immersion objectives \[numerical aperture (NA), 0.80 and 0.90, respectively\] or TissueFAXS with a Zeiss Axio Imager Z1 Microscope System (TissueGnostics GmbH, Vienna, Austria) at ×10 magnification. The quantitative analysis of the FA area was performed using Focal Adhesion Analysis Server ([@R52]). The cell density, nucleus area per cell, area per cell, F-actin, and vinculin expression per cell were quantified using TissueQuest software (TissueGnostics GmbH, Vienna, Austria). The area and intensity of fluorescence were normalized to a number of cells analyzed using the DAPI channel. ImageJ software was used to measure the cell length and width. A measurement of cell elongation ranged from 1 (a perfect circle) to ∞ (a straight line), which was calculated as *L*/*W* (*L*, length; *W*, width).

Live/dead staining
------------------

A live/dead assay was performed using PBS containing calcein-AM (2 μM; Molecular Probes, Invitrogen Detection Technologies) and ethidium homodimer-1 (4 μM; Molecular Probes, Invitrogen Detection Technologies) to stain the cells for 30 min before being observed under a Leica TCS SP2 CLSM equipped with a 40× water immersion objective and an NA of 0.80.

Cell viability analysis
-----------------------

Cellular metabolic activity was measured using an XTT assay (AppliChem A8088). Briefly, 500 μl of XTT reaction mixture (0.1 ml of activation reagent and 5 ml of XTT reagent for one plate) was added to each well with 1.0 ml of medium, and samples were incubated at 37°C in a humidified atmosphere of 5% CO~2~ for 3 hours. The 200-μl mixtures were added to a 96-well plate, and the absorbance at 485 and 690 nm was recorded using a microplate reader. Experiments were performed in triplicate.

Osteogenic differentiation assays
---------------------------------

OM was composed of GM and chemical supplements (5 × 10^−7^ M dexamethasone and 10 mM β-glycerolphosphate, both from Sigma). hBM-MSCs were cultured for 14 days in differentiation medium. Subsequently, the hBM-MSCs were fixed with 3.7% paraformaldehyde in PBS for 20 min. Afterward, cells were permeabilized with 0.2% Triton X-100 for 10 min. BSA (5%) in PBS solution was added for 30 min to block nonspecific binding. The primary antibody against OPN (1:1000; ab8448) was used in combination with a secondary goat anti-rabbit antibody (1:100; Red, Jackson ImmunoLabs). In addition, DAPI and FITC-phalloidin were used to stain the cell nuclei and F-actin, respectively.

Quantitative RT-PCR
-------------------

The expression levels of stemness- and osteogenic differentiation--related genes of hBM-MSCs were detected by quantitative RT-PCR (qRT-PCR). Briefly, the cells were cultured in GM and OM for 7 and/or 14 days. Total RNAs were extracted from the supernatant using the InviTrap Spin Cell RNA mini kit (STRATEC Molecular GmbH, Germany) according to the manufacturer's instructions. Next, complementary DNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) according to the user manual. The primers for the target genes are listed in table S1. Then, qRT-PCR was performed using the CFX384 real-time PCR detection system (Bio-Rad). The relative expression level of each target gene was then calculated using the 2^−△△*C*t^ method ([@R53]). The expression levels of the target genes were normalized to that of the housekeeping gene, *36B4*.

Preparation of motor-functionalized monolayer on the glass and SiO~2~-coated QCM-D sensor chip
----------------------------------------------------------------------------------------------

Glass slides (Thermo Fisher Scientific) used in this research were cleaned by immersing in a piranha solution (H~2~SO~4~:30%H~2~O~2~ = 3:1) at 90°C for 1 hour and rinsed three times with Milli-Q water, followed by methanol, and dried under a stream of N~2~ before surface modification. The cleaned glass slides were silanized by immersing in a 2 mM solution of 3-aminopropyl(diethoxy)methylsilane in freshly distilled toluene at room temperature for 12 hours, then rinsed with toluene and methanol, and dried under a stream of N~2~. The amine-coated glass slides were immersed in *N*,*N′*-dimethylformamide (DMF) solution containing molecular motor (10^−4^ M) at room temperature for 12 to 24 hours. Last, the slides were washed with DMF, Milli-Q water, and methanol, followed by drying under a stream of N~2~.

SiO~2~-coated QCM-D sensor chips were cleaned with 2% (w/v) SDS for 30 min, followed by submersion in Milli-Q water and dried under a stream of N~2~. Subsequently, the cleaned chips were treated in a UV/ozone plasma for 30 min and then were silanized by immersion in 2 mM solution of 3-aminopropyl(diethoxy)methylsilane in freshly distilled toluene at room temperature for 12 hours. The amine-functionalized chips were thoroughly rinsed with toluene and MeOH and then blow-dried under N~2~. Last, the chips were immersed in DMF solution containing molecular motor (10^−4^ M) at room temperature for 12 to 24 hours. The motor-functionalized chips were washed with DMF and Milli-Q water and methanol and then dried under a stream of N~2~.

Protein adsorption measured by QCM-D
------------------------------------

QCM-D measurements were performed on a Q-Sense-E4 instrument (Q-Sense, Sweden) with dissipation. QCM-D SiO~2~ chips modified with the amine group or molecular motor were placed in window-equipped QCM-D chambers. The normal QCM-D sensitivity for protein adsorption in the liquid is \~1.8 ng/cm^2^ and \~1 × 10^−7^ for dissipation. All serum protein adsorption measured by QCM-D were conducted at a flow rate of 10 μl/min controlled by a peristaltic pump (Ismatec SA, Glattbrugg, Switzerland). The UV light with a wavelength of 365 nm on the top of window chamber was turned on, and an initial baseline was established by flowing PBS buffer at 25°C. Fresh FBS was injected to obtain the adsorption plateau and establish a stable line at a temperature of 25°C. After complete adsorption, PBS was injected to remove loosely attached proteins and to establish a second stable baseline. Removing the UV light, the temperature was adjusted from 25° to 37°C. When the frequency and dissipation curves did not change any more and established another baseline. Fresh Fn solution (20 μg/ml) was flowed and rinsed with PBS to achieve the final baseline. The differences in frequency and dissipation factor between the two baselines were used to calculate the protein adsorption. The mass of adsorbed protein was attained by fitting Δ*F* and Δ*D* to the Voigt model using QTools software package.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
---------------------------------------------------------

The amine and molecular motor--functionalized glass slides were incubated with FBS solution for 1 hour at room temperature without or with 365 nm of UV light irradiation and then rinsed three times (5 min each time) with fresh PBS. SDS solution (2%) was added to each sample at 4°C overnight to detach the adsorbed protein from the surface. The detached protein solution for each sample was concentrated in Thermo Scientific Pierce concentrators with a molecular weight cutoff of 1000 kDa by centrifugation at a speed of 3400 rpm at 4°C. The concentrated protein solutions were denatured and released using heat treatment with a 2% SDS solution for 10 min and were analyzed by SDS-PAGE. Molecular weight markers and the concentrated proteins detached from functionalized surfaces were subjected to 12% SDS-PAGE at 200 V for 1 hour according to the standard procedure.

CD spectra
----------

CD spectra were used to investigate the conformation of the initial adsorbed BSA protein on the molecular motor and amine-coated glass surfaces. Typically, all samples were immersed in BSA solution (10 mg/ml) in PBS for 1 hour, rinsed three times (5 min each time) by PBS, and then recorded at room temperature under nitrogen by a Jasco J-815 CD spectrophotometer for wavelengths from 170 to 340 nm.

Atomic force microscope
-----------------------

The protein images were measured by a BioScope Catalyst AFM instrument (Bruker, Billerica, MA, USA) with NanoScope Analysis software. All measurements were performed in the quantum-mechanical nanomapping mode with a large amplitude using Bruker ScanAsyst.

Statistical analysis
--------------------

All data points are expressed as mean ± SD. Statistical analysis was performed using Origin 9.0 software. All the data were analyzed using one-way analysis of variance (ANOVA) with Tukey's test to determine differences between groups. A value of *P* \< 0.05 was considered statistically significant: \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.

MD simulation
-------------

All-atom MD simulations were performed using the GROMACS simulation package (version 2018.1.). The initial SiO~2~ surface was built as a 30-nm--by--30-nm--by--3-nm supercell by using the InorganicBuilder software, which is distributed as a part of VMD ([@R54]). After the plain surface had been obtained, the surface was completely functionalized with NH~3~^+^ groups. The positions of all atoms in the SiO~2~ slab were restrained using harmonic potentials, while the functional groups and capping OH groups were allowed to rotate and interact freely with their surroundings. Intramolecular parameters for the functional groups were obtained from the Automated Topology Builder repository ([@R55]), and intermolecular parameters were obtained from the literature ([@R56]). Following the experimental procedure, 40 tetrapodal motors ([@R28]) were inserted into the solvent phase and allowed to anchor onto the surface. The binding modes of the tetrapodal motors are consistent with the overall chemical picture presented in the literature. In the following step, a hen egg-white lysozyme (Protein Data Bank: 1AKI) was inserted into the water phase above the functionalized surface. A set of 25-ns-long simulations was performed with an NPT (constant temperature and pressure, the isothermal-isobaric) ensemble (*P* = 1 bar, *T* = 300 K), during which the protein adsorbed onto the surface. Two active surface models were set up using coordinates extracted from the 25-ns production simulations. In the first type of simulation, a single molecular motor in contact with the protein was selected and subjected to enforced rotation for 75 ps, during which it was observed rotating 22 full rotations. This was followed by a standard NPT simulation for 3 ns with no rotation. The second type of simulation was set up the same way, but the motors were allowed to rotate three times after every nanosecond, resulting in a total of nine full rotations. The rotational constant was kept at 250 kJ/(mol × nm^2^), and the rotational rate was set to 120°/ps in both systems. The results obtained from these simulations were compared against two references: protein adsorbed on an inactive surface and protein in pure water. All the equilibration and NPT production simulations were performed using the leap-frog algorithm with a time step of 1 fs (0.1 fs in case of active surfaces). Nonbonded interactions were cut off at 1 nm. Long-range Coulombic interactions were accounted for with reaction-field electrostatics.
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